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Abstract 
The semiconductor physics appropriate to M.O.S. T. 's is presented here. Although piezoresistance 
theory for silicon is fairly complete, it is not directly applicable to M. O.S. T. 's. Electrons and 
holes in the inversion layeres of M. O.S. T.'s do not have the distribution of momentum that is found 
in most semiconductor devices. Quantization of momentum invalidates much of the accepted piezo­
resistance theory, and some appropriate extensions to the theory are given here. 
Introduction 
The purpose of this paper is to consider in 
some detail the effect of stress in the (111 ) 
plane of silicon on the conduction and valence 
bands. The mathematics of the electron transfer 
model applicable to the conduction band are re­
viewed; developments are made to the model in 
order to apply it to n-channel M. 0. S. T.'s. The 
main difference between this developed model and 
the model for bulk material is in the a! tered 
density of states function which is appropriate 
to the quantized energy levels in M.O.S.T.'s. 
1. Physical Mechanisms 
Just defining the piezoresistance tensor gives 
no indication of why its coefficients are not 
those appropriate only to a geometrical distor­
tion of the crystal. The general relationships 
between resistivity, conductivity and the more 
fundamental material properties are given in 
the following equation : 
l= a=
Ne2 '• +Pe2Tp 
· · · · · · · · · · · · · · · · · · ·
( 1
- 1) p m." mp'' 
(usually N >> P or P >> N)  
where P and N are the concentrations of holes 
and electrons, mp* and m." are their effective 
masses, and rp and '• are their relaxation times 
(the average times taken for the carriers to 
randomize their momenta after a disturbance). 
Details of the physical mechanisms are given 
in several textbooks, e. g. Smith, 1959. We 
shall now consider how stress can a! ter these 
parameters. The works of Smith ( 1954 )  and 
Keyes (1960) are generally relevant. 
2, Distortion of the Conduction Band 
(changed average effective mass) 
Figure 1-la show how the energy E of a mobile 
electron in unstressed silicon varies with crys­
tal momentum k. Electrons occupy only the 
lower energy states, and there are six identical 
minima lying along the <100> directions. The 
effective mass of an electron (or a hole ) is de­
termined by the curvature of the four dimen­
sional E - K surface: 
iJ2E 1 
· · · · · · · · · · · · · · · · · · · · · ( Z-1) a k, ak, 
A high curvature corresponds to a low effective 
mass and thus high conductivity. 
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[Fig 1 - 1 a) ELECTRON ENERGY· CRYSTAL MOMENTUM (E ·lJ 
DIAGRAM FOR THE CONDUCTION BAND OF Si (AFTER HANNAY, 1959) 
CONDUCTION 
BAND 
[001] 
[010] 
[100] 
[Fig 1 - 1 b) REPRESENTATION OF THE ELLIPSOIDAL (PROLATE 
SPHEROIDAL) CONSTANT ENERGY SURFACES FOR UNSTRESSED Si (AFTER 
HANNAY, 1959) 
The variation of effective mass with direc­
tion for one energy minimum is such that a high 
effective mass rJ:. is found for the direction of 
the crystal axis on which the minimum lies, and 
a low effective mass nl; is found for directions 
transverse (perpendicular ) to this axis ( Figure 
1-1b ) . 
Because there are six symmetrical minima m 
momentum space the overall effective mass 1s 
isotropic, but if a stress is applied along one 
axis the band becomes distorted. This is shown 
(a) 
k Uoo · 
CONDUCTION 
BAND 
k [IOO] 
k [ooi] 
[Fig 1 - 2 a) CONSTANT ENERGY CONTOURS FOR THE (010) PLANE IN Si. 
THE SOLID CONTOURS APPLY TO THE UNSTRESSED CASE, THE DOTTED CONTOURS 
CORRESPOND TO THE EFFECT OF A COMPRESSIVE STRESS IN THE [100] DIRECTION. 
THE TWO MINIMA ON THE [010] AXIS ARE NOT INDICATED. 
E E E 
[Fig 1 - 2 b) THE EFFECT OF A [100] COMPRESSIVE STRESS ON THE E ·.l 
DIAGRAM. THE DOTTED CURVES CORRESPOND TO THE STRESSED CONDITION. 
THE EFFECT OF STRESS ON THE ELECTRON ENERGY AT l= !_IS 
ASSUMED TO BE NEGLIGIBLE. 
in Figure 1-2 for a compressive stress in the 
(lOOJ direction. The tWl minima which now have 
reduced energies are occupied by more electrons 
at the expense of the'•four higher energy minima. 
There are now fewer electrons with low effec­
tive mass m in the direction of the app] ied 
stress but more with the high effective mass r/t,, 
and so conductance along the stress axis is re­
duced, whilst conductance along the orthogonal 
axes is increased. 
A mathematical description of this electron 
transfer model is given. It is shown that the 
piezoresistance coefficients can increase as the 
temperature is decreased, a] though this does not 
invariably occur. The greatest possible ratio of 
conductances which may be obtained by applying 
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indefinitely large stresses is just the ratio of 
� to ,: ( :::::o-5). The model predicts that � =-
277i2 and that �. = 0 .  The small experimentally 
found deviations from these equalities must be 
explained by the secondary physical mechanisms 
discussed in section 4. 
The primary mechanism of piezoresistance is 
the electro� transfer effect, and the model for 
this effect assumes that 77i1 = -277i2 and �. = 0.  
The physical mechanisms which result in diver­
gences from this model are discussed in section 
4. 
Stress applied in the (l10) direction of the 
(111) plane will displace four of the minima in 
the E - k diagram relative to the other two 
minima, and there will be a transfer of elect­
rons to the lower energy minima (Figure A -1 ) . 
Four minima have the symmetry of the (100) 
direction under this stress. 
When unstressed, all six minima (valleys) 
have an equal fraction (1/6) of the total number 
of mobile electrons, and this number will be 
independent of stress in most circumstances. 
The reason for this is that in bulk material 
all donors will normally be ionized, and in M. 
O. S.T.'s the number of carriers is simply rela­
ted to the applied gated voltage by parameters 
which are insensitive to stress ( C and V,) 
We define the mobility of the electrons for 
current flow in the ("flO) direction to be f-1.100 
for the (100) set of four valleys and f..l.oot for 
the (001) set of two valleys. The concentrations 
of electrons in the two types of valley are N,.0, 
and Now 
The Fermi-Dirac integral is defined by 
roo :xf dx 
Jl (z)=Jo 1 ( ) 
· · · ( 2- 2) +exp x-z 
The following quanti ties are also defined here 
(Figure A-1): 
EF-Ec · · · · · · · · · · · · · · · · (2_ 3) 7.0 
=
----;;y 
TJ =EF�
T
E.,., ................ (2-4) 
� w z w 
z 
li! .. 
lrl .... w 
E1oo Eioo Eo1o Eoio Eoo1 Eooi 
� kT . 
(a) UNSTRESSED 
EIDO EJoo Eo1o EoiD 
Ec -- �1 � Eooi 
lkT•-rX J �kT EF - - - - ·-·-·---- -
(b) STRESS APPLIED IN THE (iiO] DIRECTION 
(FigA- 1 ) EFFECT OF STRESS ON THE ENERGY MINIMA IN THE 
CONDUCTION BAND OF SILICON 
(J =E;,ot-E,oa__rX ...... (2_5) 
kT kT 
wherer is a constant such that a stress X in the 
(110) direction splits the energy minima of the 
conduction band by -(£.,01-£.00) . When un­
stressed the minima have a common energy Ec. 
The longitudinal piezoresistance coefficient rr 
(the subscript is omitted here) is then given by 
7T = _..AE_=� ...... (2-6) g, X g,CJ kT 
If the density of states function follows the 
normal E+law and the relaxation time r is inde­
pendent of energy we obtain 
F+(1.0) (2f..l.too +f..l.oot) 
F+(1.0 )f 
___:_.:..:.:....c..:_ • • • • • •  • • • • • • • • • • • •  (2- 7) 
If the total number of mobile electrons is 
independent of stress we find that 
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A solution to this is given by 
2a/3 + TJ === TJo ••oo••(2-9) 
where a truncated Taylor expansion has been 
used. Substituting this result m (2-7) we find: 
2ru 
TC =:: ---
F-+( TJo) 
2F� ( TJo) 
······(2-10) 
where f.1 
3kT 
f.l.too -f.l.oot 
2f.l.too + f.l.oot ······(2-11) 
and Taylor's expansion has again been used in a 
truncated form. The ratio of the integrals 
F__HTJo )/(2F+(TJo )) is given in Figur A-2 as a 
STRONGLY DEGENERATE 
" ll 
[Fig A- 2 ) NUMERICAL VALUES OF FOUR FUNCTIONS OF "• 
function of TJo; the calculations of McDougall 
and Stoner (1938) have been used. Most of the 
equations (2-2) to (2-11) have appeared 1n the 
1 iterature (e. g. Keyes, 1960). 
A more accurate solution to equation (2-8) 
than that given in equation (2-9), for TJo <<O, is 
3 a =:: 1 n ( 2 exp ( TJo - TJ ) - +) . · · · · · · ( 2-12). 
For TJo >>0 an explicit solution has not been 
obtained, but it would come from the equation 
� nj(3-2q) 
q =1 2q 
TJo (3-2q) q 2 2(o + TJ-TJo) + -----
(3-2q) q' 2 
( TJ- TJo )q 0 ······(2-13) 
Because of the difficulty of calculating the 
errors of the approximations involved m equa­
tion (2-10), a physical argument will be given 
instead. The value of 1rin equation(2-10)must 
decrease when few electrons remain in the higher 
energy minima due to stress, because an in­
crease m stress cannot make many more elec­
trons fall to the lower energy minima. Figure 
A- 3 illustrates this phenomenon; the curves in 
CONDUCTANCE 
STRESS. X 
(a) NON-LINEAR EFFECT OF STRESS ON CONDUCTANCE 
PIEZORESiSTANCE 
STRESS. X 
(b) EFFECT OF STRESS ON THE PIEZORESISTANCE 
[FigA- 3) ANTICIPATED EFFECTS OF LARGE STRESSES 
ON THE CONDUCTANCE AND PIEZORESISTANCE OF SILICON. 
TWO TEMPERATURES ARE SHOWN AS PARAMETERS, 
T2 -2T1• 
the Figure have not been calculated - they are 
intended only as a guide to the physical mecha­
nisms involved. Figure A-3a shows how the con­
ductance of silicon may vary between two limits 
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which are set by the mobilities fJ.100 and f.l.oo1 • 
Figure A -3b is obtained bv differentiating the 
curves in the previous Figure and illustrates 
the way in which ;r may decrease when large 
stresses are applied, particularly at low tem­
peratures when the Fermi function changes more 
abruptly with energy. 
Equation (2-10 ) does not indicate that ;r will 
decrease with large applied stresses, a! though 
for physical reasons this must occur. The acc­
uracy of equation (2-10) will become poor when 
a significant fraction of the normal (unstressed ) 
electron population of one of the energy minima 
has transferred to other minima. 
Suppose the fraction of population transfer­
red to or from the minimum is y. A limit of y 
<0 .1 is reasonable. Calculation then shows that 
o=
3y2F_,_(rf) 
2 F--t-Crx,) 
· · · · · · · · · · · · · · · · · · · · · · · · · (2-14) 
In terms of the applied stress X and the piezo­
resistance coefficient :rr, 
......................... (2-15) 
The greatest permitted fractional change in con­
ductance due to stress for the error in equation 
(2-10 ) to be acceptable is given by 
!J.g 
- = ± f.l.Ymzx 80 
.......................... (2-16 ) 
Substitution of appropriate values indicates a 
maximum change of conductance of 5 %. 
Equation (2-10 ) can be simplified in two limi­
ting cases. If TJo << 1 (implying no degeneracy) 
we obtain 
......................... (2-17) 
This is the familiar zIT dependence of piezore­
sistance which has considerable experimental 
verification (for bulk silicon). 
If TJo>> 1 (strong degeneracy ) we obtain 
TfJ. 
;r =
---EF- Ec 
......................... (2-18 ) 
Therefore if EF-Ec is independent of tempera-
ture so will be the piezoresistance. A constant 
piezoresistance coefficient is desirable for strain 
gauges, and because heavily doped silicon is 
(usually ) degenerate it is normal to dope the 
silicon wi.th a high concentration of impurities 
in order to improve its properties for strain 
gauging. 
The piezoresistance is proportional to the 
anisotropy of the mobilities (equation (2-11 ) ). 
If the ratio of the principal effective masses 
of the constant energy ellipsoids is K" (�5) 
it is not difficult (though tedious) to show that 
for the (111 ) plane 
1-K" fJ. =2K"+ 1 
· · · · · · · · · · · · · · · · · · · · · · · · · (2-19) 
where a relaxation time independent of energy 
has again been assumed. 
Stern and Howard (1967 ) showed that in an 
n-channel M. 0. S. T. the principal effective 
masses are altered by the quantization process. 
If the altered masses are used, calculation at 
length proves that 
1-K" fJ.' =K"+2 
· · · · · · · · · · · · · · · · · · · · · · · · · (2-20 ) 
a result which Dorda (1970 ) gave without deri­
vation. The consequence of the changed value 
of fJ. is that the piezoresistance should be en­
hanced by 57%. This increase will be indepen­
dent of the degeneracy of the electrons in the 
M.O. S.T.; the calculation assumes that the density 
of states function is the some as that applicable 
to bulk silicon. 
However in an M. 0. S. T. quantization will 
alter the density of states function (Stern and 
Howard, 1967 ). Dorda (1971 ) has calculated how 
this will alter the piezoresistance coefficients 
for the ( 100 ) plane. He did not consider the 
(111 ) plane; the symmetry of this plane is 
different from that of the ( 100 ) plane and the 
analysis is consequently a! tered markedly. 
Dorda did not explicitly consider (for any plane ) 
the effects of low temperature. 
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Following Stern and Howard we define the 
density of states function Z: 
Z (x) =1n ( 1 + exp x) · · · · · · · · · ·  .. · (2-21 ) 
Then we find 
NlOO = D k T z ( 7) + 0 ) ............. (2-22 ) 
and 
Nool = D k T Z ( 77 ) · · · · · · · · · · · · · (2-23 ) 
where 
D = 4n [ ml' ( mf'+2mt") )+ ............. (2-24) h2 3 
( n 
here is the mathematical number ::::::3. 142. )  
In deriving equations (2-22 ) and (2-23 ) it has 
been assumed that only the lowest quantized 
energy of each valley is occupied by electrons. 
The higher energies of the other quantized levels 
reduce the probability of their occupancy being 
significant. 
For a constant number of carriers and small 
stresses, 
2o/ 3 + 7):::::7)o · · · · · · · · · · ·  .... . ........ (2-25) 
This equation is the same as equation (2-9) and 
is also subject to truncation errors. 
Equation (2-7) can be modified to take account 
of the new density of states function and be-
comes: 
r 2fl.;oo jZ(7)+ o) - Z(7)o) l + fl.�o1 
rr 
= okT Z(7)0) (2fl.;oo + fl.� 
i. e. 
1 z ( 7) )  
2rf1.' exp 77o 
...... (2-26) 
n:::::3kT (l+ exp 7)0) 1n (l+ exp 77ol 
· · · · · · (2-27) 
The approximations made in obtaining this equa­
tion are similar to those used for equation 
(2-10 ). The function involving 7)0 in equation 
(2-27 ) is shown in Figure A-2. It will be seen 
that the new model of piezoresistance predicts 
a reduced sensitivity to stress under degenerate 
conditions. 
A limiting case for equation (2-27 ) occurs 
when 7)0 >> 1 which would apply at low tern-
peratures (strong degeneracy). We then obtain 
2 r 11' ............... ......... (2-28 ) 
This equation should be compared with equation 
(2-18 ) which applies to degenerate bulk silicon; 
.in addition to the changed mobilities there is a 
factor 2/3 in the later equation. 
Another limiting case for equation (2-27 ) 
occurs when 7)0 << 1 
2rf1. ' 
n = 3kT 
and we obtain 
........................ (2-29 ) 
This equation is the same as equation ( 2 -17) 
except for the changed mobi 1 i ty; however equa­
tion ( 2 -17) is likely to be a better approxi­
mation to equation ( 2 -27 ) than is equation (2 
-29 ) because the latter equation assumes that 
the effective masses are those applicable to the 
quantized case. Since the condition 7)o << 1 
(no degeneracy ) indicates that the temperature 
will be high ( -300 K ), the quantization will 
be incomplete and the (bulk ) value of fl. will be 
more accurate than the value of 11'. 
Although these calculations indicate how the 
piezoresistance of a (111 ) n-inversion layer in 
silicon will vary with degeneracy, their quanti­
tative application to M. 0. S. T. strain gauges 
is difficult. Because the energy gap between 
the Fermi level and the bottom of the conduc­
tion band is a function of distance into the in­
version layer , 7)o is a function of distance. 
The concentration of electrons in the inversion 
layer is also a function of distance, and so a 
double integral would have to be evaluated in a 
quantitative analysis. 
A qualitative approach to the problem is given 
here. At room temperature (kT =25m eV) the 
electrons in the inversion layer will not be 
fully degenerate ( 7)0 < 1 ). The piezoresistance 
may be expected to follow a T-a dependence on 
temperature with 0 <a < 1 (a= 1 corresponds 
to no degeneracy, a = 0 corresponds to complete 
degeneracy ). At lower temperatures ( T <SOK ) 
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degeneracy will be nearly complete, and for a 
constant level of inversion the piezoresistance 
should be independent of temperature. 
The ratio of the piezoresistance at room tem­
perature to that at low temperatures is given by 
7t T-300K 
1tT<50K 
(EF-Ec) r<SIJK _0 5 ( k T) T=300K • 
CONSTANT GATE YOLTAGI! YGs 
'j 
', ,, 
(4Kl 
' .. _ 
······ (2-30) 
TEMPERATURE (LOG.SCALE) 
(FigA- 4 ) ANTICIPATED EFFECT OF TEMPERATURE ON THE PIEZ­
ORESISTANCE OF AN n·CHANNEL M.O.S.T .. TWO CONSTANT INVERSION 
LEVELS ARE SHOWN AS PARAMETERS; LEVEL 2 IS MORE DEEPLY 
INVERTED THAN LEVEL 1. 
At intermediate temperatures ( - lOOK) the 
piezoresistance will be greater than at 300K or 
50K, and Figure A-4 illustrates the anticipated 
variation of piezoresistance with temperature. 
As with Figure A -3 the curves have not been 
calculated and are merely a guide to the ex­
pected behaviour. 
Because the threshold voltage of an M. 0. S. T. 
usually increases as. the temperature is lowered 
the level of inversion will decrease at low 
temperatures if the gate voltage is not altered, 
and the piezoresistance should then increase. 
This is shown by the upper dashed curve in the 
Figure. The other two curves show the varia­
tion of piezoresistance for constant inversion 
levels (Vas-VTindependent of temperature, or 
Vas>> V T ). Curve 2 would probably require such 
a high gate voltage that the oxide layer under 
the gate electrode would break down under the 
applied electric field. 
There are two reasons (at least ) why experi­
mental results may deviate from the curves 
shown in Figure A -4 . The first reason is that 
any anisotropic plane stress would alter the dis­
tribution of electrons between valleys and so 
reduce the piezoresistance coefficient (Figure 
A -3b ). Such a stress could be caused by ther­
mal contraction mis-match (between the silicon 
of the M. 0. S. T. gauge and the material of the 
structure to which it was cemented ) coup! ed 
with an asymmetric geometry of the M. 0. S. T. 
gauge. 
The second reason is that large applied stre­
sses (strains ) due to forces in the gauged struc­
ture may produce large energy shifts in the 
conduction band of the silicon and so make the 
truncated Taylor series expansion poor. 
3. Distortion of the Val ence Band 
Figure 3 -1 shows the shape of the valence 
band of silicon. Because holes only occupy the 
higher energy levels, the split-off band (44 m 
eV below the others) mil only be significantly 
occupied at relatively high temperatures 
(> 250 K ) . 
The application of stress warps the band st­
ructure and separates the light and heavy hole 
bands at k=O. This separation, shown in Figure 
3-2 , increases the number of heavy holes at 
the expense of the I ight ones, and the conduc­
tance is expected to decrease: this conductance 
decrease should be the same in all directions, 
unlike the effect of stress on the conduction 
band. 
However it is experimentally found that st­
ress alters the conductance anisotropically, im­
plying that not only are the bands separated by 
stress at k =0 but also that the curvature of 
-+ -+ 
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the E--! surface is altered significantly, affec­
ting m; (equation 2 -1 ). It is thought that the 
constant energy surfaces for the light and heavy 
holes are normally distorted spheres (Figures 
3 -3 and 3 -4 )  and that separation of the bands 
is accompanied by a trend towards the surfaces 
becoming spherical. 
E 
HEAVY HOLES 
(Fig 3 - 1 ) E ·!,.DIAGRAM FOR THE VALENCE BAND OF S1 
(AFTER HANNAY, 1959) 
[010] 
E 
.... ------�-:----------<� [100] [000] 
.!I.. 
(Fig 3 - 2 ) E ·_tDIAGRAM ILLUSTRATING THE EFFECT OF A [100] 
. COMPRESSIVE STRESS ON THE VALENCE BAND OF Si NEAR THE 
ENERGY MAXIMUM. THE NORMALLY SPLIT ·OFF BAND IS NOT 
SHOWN. THE DOTTED LINES CORRESPOND TO THE STRESSED 
CONDITION. (AFTER PIKUS AND BIR, 1960) 
VALENCE BAND 
[iio] 
[ooi 
[110] 
(Fig 3 - 3 ) CONSTANT ENERGY CONTOURS FOR THE 11101 PLANE 
IN Sl (UNSTRESSED). THE TWO DOTTED CIRCLES ARE MERELY FOR THE 
PURPOSES OF COMPARISON. (AFTER HANNAY, 1959) 
[010] 
[010] 
[001] 
[001] 
(Fig 3 - 4 ) CONSTANT ENERGY SURFACE FOR THE HEAVY HOLES 
IN Si. (a) E = 26 meV (300 K) (b) E = 0·3 meV (4 K), MAGNIFIED x (300/4)'". 
(AFTER MIYAZAWA, SUZUKI AND MAEDA, 1963) 
The published information on the effects of 
stress on the valence band is complex. The ini­
tial work of Adams (1954 ) included a proposal 
that the magnitude of the 7T•• coefficient was 
high because stress a! tered the atomic nearest 
neighbour distance. Pikus and Bir (1960 ) and 
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Goroff and Kleinman (1963) have calculated the 
deformation potential constants for the valence 
band of silicon. The valence band of germanium 
is similar, and the way in which it is affected 
by stress has been described by Paige (1964). 
Wortman ( 1965) has summarized much of the 
earlier work. 
The deformations of the (warped) valence 
bands of silicon due to strain have been calcu­
lated ( Goroff and Kleinman, 1963; Pikus and 
Bir, 1959, 1960). A non-hydrostatic stress or 
strain will remove the degeneracy at � =2, of 
the light and heavy hole bands, and a calcula­
tion using the deformation potential equations 
compiled by Wortman (1965) shows that for 
1111[ planes an isotropic plane strain (tensile 
or compressive) will cause the light hole band 
to increase its (hole) enrgy. Such a strain 
could well occur in a strain gauge due to ther­
mal contraction mis-match. In the absence of a 
large isotropic plane strain interesting quad­
ratic effects could occur in a gauge subjected 
to small strains. 
AI though the simple electron transfer model 
of piezoresistance discussed in section 2 ap­
pears to be inapplicable to the valence band, 
the quantization of energy in an M. 0. S. T. 
could make this model useful. Colman, Bate and 
Mize (1968) sliced the constant energy surfaces 
of the valence band of silicon and indicated 
multiple limiting point contours for the 1100[ 
and 1110 f surfaces. However for the 1111 f sur­
face it was considered that a single limiting 
point contour would be appropriate. Sa to, 
Takeishi and Hara (1969 ) have mentioned that 
the constant energy surface considered by 
Colman et al. was insufficiently energetic 
(Figure 3 -4b, section 3 ). A more energetic 
surface (Figure 3 -4a) has been calculated by 
Miyazawa, Suzuki and Maeda (1963) and is re­
markably swollen along the twelve <110> direc­
tions. 
It is now possible that 1111f planes will 
intersect the constant energy surface initially 
at three points, and visual inspection of the 
model indicates that this will occur. However 
Sato et a!, refer to some unpublished work and 
quote a single effective mass for the plane, 
which is inconsistent with the multiple inter­
section model. On the other hand they mention 
that this mass varies rapidly with inversion 
level, which perhaps indicates that a transi­
tional effect is occurring between three and one 
limiting point contours. It is worth noting that 
Stern and Howard (1967) have warned that the 
approximations involved in slicing the constant 
energy surfaces (in order to allow for quanti­
zation) are of limited accuracy. 
If a hole transfer made! were applicable to 
p-channel M. 0. S. T. ' s  then the mathematics 
given in . section 2 of this paper would be 
appropriate to describe the effects of tempera­
ture on the piezoresistance coefficients, al­
though it would be necessary to allow for the 
large value of 7T•• in the hole transfer model. 
For planes other than 1111 f a hole transfer 
model certainly appears to be required, and 
would be similar to that developed by Dorda 
(1971) for n-type inversion layers. 
4. Secondary Mechanisms 
Whilst the primary effect of stress on the 
conductance of silicon is thought to be due to 
the changed average effective mass, it is well 
to be aware of other mechanissms (Herring, 1955), 
The conductance of a semiconductor is propor­
tional to the concentrations of mobile holes and 
electrons (equation 1-1); ionization of donors 
and acceptors is complete at room temperature, 
and the number of carriers is simply determined 
by the difference between the numbers of donors 
and acceptors. At low temperatures de-ioniza­
tion will occur, reducing the number of carriers. 
The addition of stress might well enhance or 
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retard this process. However a strain gauge 
subject to this effect would also have a conduc­
tance which rapidly decreased at low tempera­
tures and so would be of little use. We shall 
not therefore consider such a device any fur­
ther here. 
One way in which the apparent carrier con­
centration can be a! tered by stress at room 
temperature is for a proportion of carriers to 
be immobilized by being trapped at defects in 
the crystal lattice. Stress may alter the effec­
tiveness of the defects (traps ) and so change 
the measured conductance. This process is re­
latively unimportant for majority carriers at 
room temperature in silicon, but can be signi­
ficant for minority carriers. Prince, Wortman, 
Monteith and Hauser (1970 ) have shown that 
stress can alter the ability of gold impurities 
to generate carriers in depletion layers. Although 
the work of Prince et a! . is. not directly 
relevant here since semiconductor strain gauges 
rely on majority carrier conduction, there is a 
possibility of majority carrier trapping at low 
temperatures; in this case the mechanisms dis­
cussed by Prince et a!. would have significance. 
The effect of stress on the relaxation time 
r is not well understood: both interband and 
intraband scattering of carriers may occur, and 
the scattering may be caused by impurities (at 
low temperatures ), lattice vibrations (phonons) 
(at normal temperatures ) or other lattice de­
fects. At room temperature the effect of inter­
band scattering can be comparable to the elec­
tron transfer effect in determining the piezore­
sistance for the conduction band. At low tem­
peratures there is little interband scattering 
because of the lower energies of the phonons. 
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